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Abstract

There is an increasing interest in dissimilar metal aluminum (Al) to copper (Cu) welding for various electrical
applications. The hybrid metal & extrusion bonding (HYB) method is proposed to be one technique capable of
bonding Al to Cu. This report describes and reports on the state of HYB both with regard to Al - Cu bonding as well
as other metals. Other weld techniques are described and judged on its capability regarding welding Al - Cu. These
include diffusion-, ultrasonic-, friction stir- and cold roll welding. Al - Cu bonding is complicated and combinations
of these techniques are being worked on, however, this report does not go into detail on those methods due to the lack
of data. An Al - Cu HYB welded joint was hardness tested as well as analyzed in a digital microscope, determining
the heat affected zone (HAZ) characteristics and viewing flow patterns with the possibility to detect large defects. A
strain hardening was observed on the Cu and a strain softening on the Al base materials (BMs). A total HAZ of 18
mm is observed whereas 6 mm of those occurred in the Cu BM which show an increase in hardness. A preliminary
conductivity test was conducted showing promising results for the joint. A preliminary conductivity test was reported
with good results, however, cavity defects was discovered in the extrusion zone (EZ) when observing with the electrical
microscope.
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1 Introduction

The goal of this report is to find out how well the HYB welding process bond Al to Cu and how it compares to other
forms of welding techniques. The price for Al is approximately a quarter that of Cu[1]. Therefore, Al will because of its
availability, price advantage and high conductivity, be a very attractive alternative to Cu. Al - Cu electrical joints were
originally bolted connections. Bolted connections has a problem with longevity in regard to electrical applications,
achieving only a lifetime of around 1 year. Therefore efforts towards bonded joints have been made[2]. Fusion welding
is not considered a viable process for these materials due to solidification problems creating brittle intermetallics.
Solid state welding techniques are able to mitigate this due to the low operating temperature, and quickly became
the standard when bonding Al - Cu[3]. There is interests from both industry and automotive applications when it
comes to dissimilar metal welding. Al - Cu joints are used in a variety of applications, for instance bus bars, electrical
conductors, refrigeration tubes, tube sheets, capacitor foil windings, transformer’s foil conductor and condensers[3].

Property | Copper | Aluminum
Conductivity (m/Qmm?) 58 35.5
Density (g/mm?) 8.93 2.70

Table 1: Conductivity and density properties for Al and Cu[1]

Al - Cu joints are a challenging weld which can be under strenuous and harsh environments, and therefore needs
to be durable. A metallurgical bond between these two metals create brittle and electrical resistant intermetallic
compounds (IMCs). Expansion coefficient differences between dissimilar metals are one problem which leads to
stresses in the bond zone after heating. A relatively low working temperature is preferable when working dissimilar
metals. This effect is described in various metal combinations including Al - Cu joints[1, 4].

1.1 Solid state welding

Solid state welding is a method where materials achieves coalescence together and the temperature never reaches the
melting point. This is done by either a combination of temperature and pressure or pressure alone. Traditional solid
state welding methods does not use any filler material (FM), but may use an interlayer. This includes the methods
covered in this report which are diffusion-, friction-, and ultrasonic welding.

Metallurgical bond is created with minimal or no melting of the materials, and can be bonded by either similar
or dissimilar materials. The materials are brought together closely so that the atomic forces can attract each other. The
surface is an obstacle when it comes to bonding in solid state welding. There can be films of oxidation, oil, gas and
so fourth. Fusion welding will solve this by burning or dissolving the film through high temperatures. In solid state
welding the temperature is too low for this to happened and the films has to be removed through other means. A surface
preparation is often the solution, but some friction based techniques will remove the films during welding, including
friction stir welding and HYBIS5].



1.2 Al - Cu Intermetallic compounds

Al - Cu welding is problematic due to the metals being incompatible from the welding point of view. IMCs are created
because of the high affinity at temperatures above 120 °C. This is also called interdiffusion. IMCs contribute to more
brittle mechanical behavior, lower strength as well as greater electrical resistance[6, 7]. It is necessary for the joint to
have a wide enough IMC interface for the bond to occur, but not excessive amounts. Braunovi¢ and Alexandrov states
that mechanical properties radically declines once IMC thickness passes 2um[6]. This is substantiated and illustrated
in Figure 13, page 12. The phase diagram between Al and Cu has been widely studied and iterations has been done
since Murray made a major assessment of the system in 1985[8].
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Figure 1: Al-Cu phase diagram[9]

The temperature achieved when HYB welding is around 400°C. Therefore, the IMC structures that can occur
during the HYB process are AloCu(6), AlCu(n), AlsCuy_s ((2), Al4Cug(rhombic)(é) and AlyCug(7y;). The different
structures are categorized with regard to their symmetry, geometry and composition range in table 2.



Structure | %Cu PS SG Lattice parameters Reference
a=b=>50949 A

Al>Cu 31.9-33.0 | ¢112 I4/mem | c = 4.821 A [10]
a=L08=~v=90°
a=11.973 A
b=4.061 A
AlCu 49.8-52.3 | mC20 C2/m |c=6.807TA [10]
a=v5=90°
B = 124.882°
a=4.0972 A
b=7.0313 A

AlzCuy—_s | 55.2-56.3 | 0124 — 3.5 | Imm2 [9]

c=9.9793 A
a=pB=vy=90°
a=b=c=8.7066 A

Al;Cug (1) | 59.3-61.9 | hR52 R3m o = 89.74° [11]
B=v=90°
Al;Cuy  |52.5-59 |cP52 P 43m| @ =0 =c=8T068A1 5

a:ﬁ:fyzgoo

Table 2: The achievable phases using the HYB method with composition properties, pearson symbol (PS), space
group (SP) and lattice parameters

Different weld studies can confirm that the different structures found in the IMC region at various temperatures,
conforms with the Al - Cu phase diagram. F. A. Calvo et al. studied the the characteristics of the IMC formation in
diffusion welding Al - Cu. The IMCs found in the weld interface were Al;Cu, AICu and Al4Cug[13]. These claims are
substantiated by the theory on IMC growth between Cu and Al. Interdiffusion can take place after welding as well, if
temperatures are elevated. Higher temperatures accelerates the the rate of interdiffusion (D). The relationship between
the thickness of the IMC structures (d) and the time (¢) is logarithmic shown by equation 1 where ¢ is time[6]:

d>=D-t (1)

The nature of the IMCs creates increased resistivity in the joint. The theoretical equation for bimetallic electrical
resistivity does not account for the IMCs inherent resistivity. Al - Cu theoretical resistivity is shown in equation 2[4].

Lo, vou 2)
pct  PAL PCu

pa1 = Resistivity of Al = 0.0282Qmm?/m

pcu = Resistivity of Cu = 0.0172Qmm?/m

v 4; = Volume fraction of Al = 0.82[4]

Voo, = Volume fraction of Cu = 0.12[4]

pc+ = Resistivity of the bimetal

The inverse of the resistivity is the conductivity (m/2mm?), and from this equation we can deduce the theoreti-
cal best conductivity. Using a volume fraction of 0.82 for Al and 0.18 for Cu we find the theoretical best conductivity of
39.55m/Qmm?[4]. According to equation 2, the conductiviy can not be greater than the Al conductivity, but we know
this to be false. In practice the bond has an inherent resistivity which is not accounted for in the formula. Also, all weld
defects are affecting the conductivity and it is difficult to differentiate exactly what amount of resistivity is caused by the
inherent resistivity of the IMC phases. While cold roll welding Al - Cu, Abbasi et al. highest reached conductivity was
37.61m/Qmm? at IMC thickness close to zero. This closely resembled the theoretical best conductivity[4]. When
taking the geometry of the joint into account we can find the resistance. The length of Cu, length of Al and contact
surface area are the added variables. The general formula for resistance is shown in equation 3.

l

3)

R =resistance (2)



l =length
A = cross section area

One way of solving the resistance for IMCs is to measure how thick (d) each layer of IMC phases are and what
resistivity each phase has. In the case of HYB, 6, 7, (2 and § are the phases possible in the interface. Figure 2 illustrates
a possible layering of the IMC phases. Assuming each layer has the same interface surface area like Figure 2, equation
4 solves resistance for HYB IMC phases.
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Figure 2: Schematic illustration of possible IMC layers[4]

If the IMC structures aren’t separated in layers, the resistivity formula can be utilized to give a general resistivity of
the whole IMC layer. The percentage amount of each structure is then needed and used as volume fraction. After this,
the length and cross section area of the IMC layer will determine the resistance using equation 3. Equation 5 calculates
the IMC layer resistivity for HYB.

1
L 5)
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2 Hybrid metal extrusion and bonding

HYB welding is a solid-state joining process where two metal plates or sheets (base materials) are held in place. Butt
jointing is the usual procedure, but it has the capability to create both tee joints and corner joints. A gap is left between
the two metals which is filled out by a FM. The filled out zone is called the extrusion zone (EZ). A rotating tool extrudes
the FM in form of a wire and is pressed down onto and between the metals. The tool inhibits grooves acting as dies
where the wire is fed through. As the pin/extrusion head rotates, the wire is fed through due to the friction applied
by the grooves. The grooves on the extrusion head are open, which means the wire is exposed to the BMs once it get
past the shoulder. The Helicoid-shaped dies on the extrusion head prevents pressure from dropping during welding, an



important mechanism which allows continuous FM extrusion. Velocity of the filler wire (v,,) is given with relation to
the spindle radius (r), wire slipping in the die (/3) and spindle rotation speed (/N;). The relation is shown in equation
6[14].
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Figure 3: HYB machine illustration[14]

Friction is generating heat and plasticising the BMs. Almost all the mechanical work applied on the metals is
converted to heat, approximately 95%. The CO; cooling system shown in Figure 4 allows most of this heat to be
absorbed by the extrusion head[14] which has a positive effect, reducing the HAZ. When the FM is being extruded
through the extrusion head, it plasticises together with the BMs. This in turn makes it possible for the filler to bond
with the BMs[15]. Furthermore, the FM takes a lot of the deformation in the weld process which would otherwise
be applied to the BMs. This makes the weld process more flexible and less susceptible to undercuts and other weld
defects when compared to more conventional solid state joining techniques. An important factor when the weld is of
dissimilar metals, is where the BMs are placed with regard to the pin rotation and welding direction. The side which
makes contact with the pin having the same rotation direction as the welding direction, is called the advancing side.
The side which makes contact with the pin having a rotation direction opposite of the welding direction is called the
retreating side. Except for cold roll welding, reports on operating temperature, measures lower for HYB than other
solid joining processes, which includes the often compared friction stir welding method[16].
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Figure 4: HYB machine illustration (A) and picture (B)[14]

2.1 HYB accomplishments

A butt weld between two cold rolled aluminum alloy 6082-T6 using the HYB method has been analyzed and compared
to the gas metal arch weld and FSW methods. The two plates were 4 mm thick using a 1.2 mm diameter wire as the
FM. The FM was of the type AA 6082-T4. Full metallic bonding was reported by the use of tensile testing reporting
a fracture 4 mm offset from the weld center, Charpy V-notch testing and a scanning electron microscope (SEM)
investigation. Charpy V-notch testing also reported the weld having a positive effect on the impact toughness. The
HAZ softening weakened the BMs drastically with a reduction in yield strength of 47 %. The compared Gas metal
arch weld and FSW had a reduction of 34 % and 43 % respectively. The study concluded the HYB outperformed the
comparable gas metal arch weld and had a worse performance than the FSW, showing a good performance in similar
metal Al bonding[17].

HYB found success when welding dissimilar materials. Aluminum alloy 6082-T6 to structural steel 355 have been
successfully joined together using HYB for the first time in 2018[18]. Berto et al. created a joint where IMCs and
oxides could not be seen when analyzed by SEM. The lower limit of SEM is 0.1 pm, hence the IMC thickness is less
than 0.1 um. Interestingly, the steel is unaffected by the process in terms of mechanical properties adding nothing to
the HAZ width meaning all HAZ is in the EZ and Al BM part of the joint. HAZ width in the HYB weld is around
14mm. The low IMC thickness managed to partially hold during tensile testing breaking in the top part of the weld.
Most of the fracture was reported to occur in the Al FM, but very close to the interface. Tensile strength measured at
140 MPa which is 45 % of the Al BM[18].

Aluminium

Aluminium

Figure 5: Interface between the first generation Al to steel weld[18]

A second generation Aluminum alloy 6082 to structural steel 355 HYB weld was made and studied. The results
show a positive evolution in the the mechanical properties from the previous Al-steel joint study. This time the weld
was analyzed with Transmission electron microscope (TEM) and SEM. Hardness tests measured a HAZ at around
15.5 mm with the steel being unaffected. TEM showed an IMC phase on the interface, but it was not continuous. The
thickness varied from 0 to 50 nm with the presence of microscale mechanical interlocking. Like the first Al to steel



HYB weld, fracture occurred close to the Al-steel interface when tensile testing. Strain was observed in the Al HAZ
during tensile testing, but due to cracks in the root area, fracture occurred on or close to the interface. However, the
strength at tensile testing had increased from the previous 140 MPa to 184 - 220 MPa, equivalent to 60 - 72 % of the
Al BM.
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Figure 6: Strength in the interface of the Al to steel second generation HYB weld[19]

An aluminum alloy 6082-T4 to titanium grade 2 (Ti) weld was produced in a master thesis by Hursanay Turgun.
Analysis in the form of SEM on the microscale, TEM on the nano scale and mechanical properties were conducted
on the specimen. The thesis concluded there was no significant pores looking at the SEM analysis. The SEM also
showed that fragments of titanium had dispersed into the Al. Vickers hardness measurements showed strain hardening
for the BM Ti close to the interface caused by the HYB process. TEM showed the Ti and Al mixed in large areas on
the interface. The formations indicates mechanical interlocking with a Al-Si-Ti IMC layer. The IMC layer measured at
51 +4 nm. Comparing the thickness to other Al-Ti welding techniques, the HYB method performs very well. Ultimate
tensile tests showed a 305 £ 1 MPa with the fracture comfortably within the Al BM, therefore concluding an excellent
bond for the interface [20]. The same thesis analyzed an Al - Cu HYB weld, but unfortunately due to the nature of
the joint, Cu had to be on the receiving side. This created larger weld defects rendering the bonding faulty. However
analysis on IMC was conducted observing the IMC thickness through high-angle annular dark field scanning-TEM.
Thickness measured on three different sites on the weld, and showed a thickness of 260 £ 43, 217 4+ 51 and 200 + 44
nm respectively[20].

3 Other weld methods
3.1 Diffusion welding

Diffusion bonding is a cold state welding technique using temperature and pressure to create a bond. Two surfaces are
pressed together in conjunction with a temperature of 0.5 - 0.8 T,,, (absolute melting temperature)[21]. The process
enables similar and dissimilar metals to join, and the procedure varies depending on the materials used. The different
parameters include applied pressure, time and bonding temperature[22]. Diffusion welding has performed well with
avoiding cracks, distortion and segregation in dissimilar metal welds[23]. A schematic overview is illustrated in Figure
7.
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Figure 7: Diffusion welding schematic drawing. Al/Cu couple (a) and vacuum hot pressing (b)[24]

The variety of uses for diffusion welding has made it a candidate for Al - Cu welds. The problem however is the
IMCs. The process requires high temperature over time which will increase the growth of IMCs leaving the tensile
strength of the joint the same as the IMC interface, which is far below the Al BM[25]. Lee et al. studied an Al - Cu
diffusion welding in vaccuum, and found the best bonding temperature to be 545°C with a pressure time of 10 minutes
and deformation rate of 0.2 mm/min. The SEM analysis showed bonding creating a three layered IMC interface
reaching a total thickness of 15.06 &= 0.94 ym, way above the critical limit of 2 gm. The report concluded the method
to be feasible although more work is needed for the technique[24].

3.2 Ultrasonic welding

Ultrasonic welding is a welding technique utilizing vibration and pressure to bond materials. The vibrations are
ultrasonic, meaning the frequency are above the ear’s audibility limit (20 kHz or above). The pressure is used to bond
and hold the pieces together. It is a solid state method which converts the vibration into energy that is applied on to
the work pieces. Ultrasonic welding is used to bond similar or dissimilar metals. The technique has proved to work on
various materials such as aluminum, copper, brass, silver and gold[26]. A schematic overview is illustrated in Figure
8.
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Figure 8: Ultrasonic welding schematic drawing[26]

Al - Cu ultrasonic welding poses its own challenges. Without using an interlayer, Al and Cu will not be able to have
a continuous bond line. The Al will deform at a larger rate creating gaps along the interface. The Al will deform more
using an interlayer as well, but the interlayer will be able to fill the gaps and continuous bonding has been reported. This
is demonstrated in Figure 9. Ni and Ye bonded Al - Cu using ultrasonic welding. In their case, increasing the clamping
pressure up to 60 psi allowed the bond to become mechanically stronger. Afterwards increasing pressure deteriorated
the bond strength. Peak lap shear tensile strength was reported to be 73.4 MPa at 60 psi. A strain softening is ob-
served in the weld area, however, 60 psi had a greater strain softening compared to the 40 psi weld. Ultrasonic welding
is widely used in electronics, but it’s currently not capable of handling as large joints as other solid weld techniques[27].

Before welding After welding

Figure 9: Ultrasonic welding schematic illustration of the bond line[27]

3.3 Friction stir welding

Friction stir welding (FSW) is a relatively new welding technique being invented in 1991 at the welding institute. The
technique has served a purpose in similar metal Al fatigue and fracture resistant welds for aerospace. Al that are highly
alloyed has been considered non-weldable in conventional weld methods due to the poor solidification, microstructure
and porosity in the fusion zone. This creates a big loss in the mechanical properties when compared to the base metal.
FSW was able to solve this problem and create solid welds between highly alloyed Al. A rotating tool is used which
consists of a pin and a shoulder. Two abutting plates or sheets are held into place while the rotating tool is pressed down
in to the abutting edges. The pin and shoulder is designed specifically to create suitable material flow and downward
pressure. The purpose of the tool is in two parts, creating heat due to the friction and creating material flow due to the
pin geometry[28].
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Figure 10: FSW schematic drawing[28]

FSW has shown promising welds in both Al to steel[29, 30] and Al to magnesium[31]. FSW is now being widely
studied to be a suitable weld method for Al and Cu[32]. During FSW process, the material is experiencing large plastic
deformation. Cu is the harder material and isn’t deforming as much as the Al. This creates a situation where the Al has
to cover more of the stir zone than Cu, creating a problem similar metal FSWs does not have. Saeid et al. conducted
Al - Cu FSWs at a constant rotating speed of 1180rpm. His experiments shows the creation of cavities at higher weld
speeds and microcracks at lower weld speeds, in the weld interface[32].

Ouyang et al. carried out experiments with Al - Cu FSW at different weld speeds and rotating speeds. They re-
ported a large amount of material flow which in turn created a large amount of thick IMC layers. The main IMC
compounds found were, CuAl;, CuAl and CugAly. This made the welds too brittle and considered unsound[33].
HAZ is determined from hardness tests showing a strain hardening on the Cu and strain weakening on the Al. HAZ
shows a strain weakening in Al reaching 11 mm from the weld center. The stir zone always show a spike in hardness
due to the creation of brittle and hard IMCs. The hardness in the stir zone are higher than both the Al and Cu BMs. The
hardness measured in the stir zone varies considerably depending on the weld parameters such as the pins rotational
speed[3]. Further work is required for the method and a suggestion is to introduce some kind of interlayer to produce
a sound weld[33].

3.3.1 Flow Patterns in FSW

On bi metals, the materials will flow into each other. In the case of Al and Cu, the Cu will penetrate into Al in vortice
shapes. There is also vertical flow since the material is usually pushed down by the threads in the tool[34], as a left
handed thread pin rotating clockwise would. If the rotation would change, the material would be pushed up and the
weld quality generally suffers. Material in the upper third part of the weld moves due to the influence of the shoulder
and not the pin. The bottom two thirds of the weld is deformed by the pin itself. The material on the advancing side
become very deformed and sheds off curving behind the pin ending up in curve shapes, often ending up going around
the pin and ending up on the retreating side. Material on the retreating front side of the pin does not rotate around the
pin, but is entrained and ends up on the retreating side in the pins wake while some reaches the advancing side[34].
The Cu should be placed on the advancing side even though it gets heavily deformed. This is because it is preferable
that the hard Cu particles deposits on the retreating side. Cu particles depositing on the advancing side will create
voids commonly called tunneling defect in FSW.
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Figure 11: Al - Cu FSW material flow at the yum scale, vortices being roughly 40 pm across. Light regions is Cu and
Al is dark[34]

3.4 Cold roll welding

Cold rolling uses pressure followed by an annealment process to bond bimetallic joints in the form of plates or sheets.
A roll with a fine surface rolls over the joint deforming the metals. The process has a threshold reduction between 40
% and 80 Y% at an applied pressure of 1000-3400 MPa. Illustrated in Figure 12, the material first has to go through
a preparation to remove surface contamination. The surface contamination consist of oxides, humidity, grease, dust
particles and absorbed ions. Second, the materials has to be aligned, stacked and fixed. Thirdly, the roll presses down
onto the aligned and stacked metals while it rolls over.

Surface
preparation [ Material preparation ]

—————
"4 Pl < - - 1

S

(Cold roll bonding]
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Figure 12: Cold roll weld schematic drawing[35]

Because of the nature of the joint, peeling force is the standard for measuring the mechanical strength. Peeling
force defines how much combined adhesive, tensile strength and shear resistance the joint inhibits. Peeling force is
derived from equation 7.
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F}, = Peeling force (N/cm)
F' = Mean tearing force (N)
Ly = Length of the bond (cm)

Chen et al. shows a strong correlation between peeling force and threshold reduction in Al - Cu cold roll welds,
reporting a 32.3 N/cm peeling force at a 45 % reduction, 65.9 N/cm at 57 % and 107 N/cm at 66 %[36]. Abbasi et
al. managed a peeling force of 180 N/cm at a 72 % threshold reduction with an Al - Cu cold roll welded joint[4]. Pre
annealing, cold roll joints shows no presence of interdiffusion between the metals and different annealment parameters
has been analyzed to create a sound bond. Due to the acceleration of interdiffusion rate caused by temperature, a
critical IMC thickness can be reached in seconds or days depending on the annealing temperature[4, 36, 37]. If the
IMC width reaches a thickness of 2.5 pm for this process, the bond has become brittle illustrated in Figure 13.
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Figure 13: Cold roll weld, peeling force to IMC width graph[4]

Sheng et al. reached a sound bond annealing the rolled stack at a temperature of 145 °C for 20 hours[37]. TEM
analysis confirmed the IMC thickness to be on a nanoscale. Cold roll welding is widely used in Al - Cu welding and it
has proven to create sound bonding with IMC width below the 2 um critical limit and a high peeling force[4, 38, 36, 37].
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An advantage to the cold roll welding is the possibility to decide how large the contact area is for the joint. A
larger contact area to a certain degree, reduces the resistance in the joints interface. There are however some drawbacks
due to the great deformation in cold roll welding which can create stacking faults, dislocation and crystal defects, for
instance twinned crystals[37]. Although most defects are detrimental to conductivity, high density twinned crystal in
Cu is reported to have a high strength and conductivity which can be a neutral factor or even benefit the soundness of
the bond[39].

4 Experiments

Experiments were carried out. One weld from the HYB process was tested on hardness along the the cross section of
the weld. The goal of the experiment is to measure the hardness from the base metal on one side, through the weld and
on to the other base metal, covering the width of the HAZ. The hardness test gives data on how the material property
is, and how it changes compared throughout the weld. From that, we can determine the characteristics of the HAZ
and it will give us an indication of the tensile strength, and where it is weakest and strongest. A digital microscope
was used to observe the material flow in the EZ and possible large defects. Preliminary tests on conductivity was also
conducted which is added to this report.

4.1 Vickers hardness

Hardness is defined as the ability to resist plastic deformation and the Vickers hardness test is one way to measure the
hardness of the material. The hardness is measured by indenting a pyramid shaped diamond onto the specimen. This
creates a square indentation that is measured by the length of both diagonals to get the area of the indent. The indenter
is pressed down by a constant force and held for a set amount of time[40]. This report used 4 seconds to press down a 1
kg force. The force was subsequently held for 8 seconds before the release lasting another 4 seconds. According to the
standard, 1 kg force gives a 1 HV deviation. The unit of hardness this method produces is Vickers Pyramid Number
(HV) and Diamond Pyramid Number. Vickers hardness is calculated by equation 8,9.

Test force Fagp
HV = = = 8
Surface area  Ag(nm2) ®)
d2
A — v
s 2sing ©)

d, = the mean of the two diagonals
« = the face angle of the diamond indenter

4.2 Digital microscope and hardness testing
4.2.1 specification

One aluminum alloy 6101 - Cu HYB weld with a plate thickness of 3 mm and a width of 25 mm was tested. The weld
parameters were the following, a pin rotation of 350 RPM, weld speed set to 12 mm/s and a 4 mm gap between the
Al and Cu BMs. The Mitutoyo MicroWiZhard hardness testing machine was used in conjunction with the standard
ASTM-E92-17[41].

Alloy‘Si ‘Fe‘Cu‘Mn‘Mg ‘Cr ‘Zn‘Ti‘B ‘Others
6101 ‘ 0.3-0.7 ‘ 0.5 ‘ 0.1 ‘ 0.03 ‘ 0.35-0.8 ‘ 0.03 ‘ 0.1 ‘ - ‘ 0.06 ‘ 0.1

Table 3: Chemical composition shown in weight percentage with maximum amount, or minimum to maximum

13



Figure 14: Front side of weld AA6101 with an outline in black of the test piece cut out

(b) Back side of the weld

(a) Front side of the weld

Figure 15: AA6101 test piece close up

4.2.2 Procedure

The test piece was ground down and then polished before both hardness testing and observing in the microscope. A
test piece was cut from the weld and molded in epoxy resin to ensure an even grinding job as well as helping with
stabilizing the test piece during testing. The piece was ground down gradually from a paper finish of 80, 220, 500,
1000, 2000, 4000 to 3 um. Between each paper, the piece was rinsed off with water and alcohol, then blow dried.
Constant monitoring of the grinding job was done to ensure an even grinding job. The finer paper seemed to be
transporting small fragments of Cu on to the Al side so special precautions had to be made in regard with how to hold
the specimen. This made it a bit more difficult to grind evenly. With the technique of always placing the Cu on the far
side of the grinding/polishing plate, the amount of Cu on the Al side was reduced. Most of the Cu contamination was
removed during polishing.
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Figure 16: HAZ illustrated with center line and cross section[16]

After polishing, the specimen was ready for hardness testing and the digital microscope. The center of the weld
was identified and indentations were carried out starting with one indent where the horizontal mid-section crosses the
vertical mid-section lines. Thereafter twenty indents towards each side along the horizontal mid-section was made
resulting in a total of forty one indents. The space between each indent was 0.5 mm. After indentation, the specimen
was ground down enough for the indents to be gone, thereafter grinding and polishing steps were repeated to conduct
another test. Three tests were conducted to ensure reliable results. These were plotted into a single graph shown in
Figure 20.

Figure 17: Indented test piece in resin

4.2.3 Results

Optical microscopy The lighter Al in Figure 18,19 is the BM while the darker is the FM. The dark spots in the EZ
are cavities. Cu has been on the advancing side which is crucial. The metal on the retreating gets more deformed and
is more prone to pores. Al is the softer more suitable metal for the retreating side. Welds where Cu is on the retreating
side creates microscopic pores and a very poor bond[20].

15



Figure 19: Close-up

Difficulties during grinding dispersing Cu into the EZ and as far as the Al BM, created problems with regard to
identifying if Cu has dispersed during welding. The digital microscope showed small amounts of Cu dispersed into
the Al, but it is believed to be a grinding/polishing error. The weld is strongest when the IMC zone is located only on
the Al - Cu interface. The dispersed Cu in FSW has shown to be a problem of creating brittle IMC zones inside the Al
base metal. TEM and SEM analysis is required to conclude whether the IMC zone is localized to the interface or if Cu
has dispersed into the EZ during welding.

Material flow is shown where the filler is pushed downwards in vortices being the thinnest in the middle and thickening
towards the bottom. Excess filler is driven upwards protruding on the top. Al is clearly deformed together with the
FM and Cu seems to be unaffected geometrically. Cavities are observed in the EZ. It is uncertain whether all are
weld defects or if some are due to dispersed Cu creating some during grinding. However, some of the cavities did not
disappear during grinding indicating that some are from the welding process.

Hardness test The hardness tests managed to determine the hardness of both base metals as well as determining the
weld’s HAZ. A graph is made with the three tests color organized with blue, orange and green. It shows a variance in
the hardness results, but towards the base metals the variance seems to diminish.
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Figure 20: Results from three Vickers hardness tests with mm in the x-axis and HV in the y-axis, plotted

To make a more comprehensible a graph. A graph with the mean results with standard error bars was made. The
standard error for the plot on each point of the weld was calculated using equation 10, 11.

S = Standard deviation

X, = Specific value from population

X = Mean value from population

N = Total population, which is equal to three on all cases

SE = (1)

=

SE = Standard error
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Figure 21: Results from three Vickers hardness tests with mm in the x-axis and HV in the y-axis with standard error
bars

As shown in Figure 21, the 3.5mm plot is the last indent which is placed on the AI/EZ. This was also observed in
the microscopy when doing the test and indicate a successful placement of the starting test position on all three tests.
An amount of strain hardening on the Cu is observed in the HAZ while the Al is experiencing a strain softening. Five
hardness values measured for each BM concluded a 74.04 HV for BM Al and 107.9 HV for BM Cu. HAZ reaches 8.5
mm into the Al BM from the weld center and 9.5 mm into the Cu side from the weld center. This results in a total HAZ
of 18 mm, however, the strain hardening is affecting the tensile strength positively which could be benefiting the joint.
HAZ reaches 6 mm into the Cu from the weld interface. The weakened HAZ is therefore 12 mm. Furthermore, the
lowest hardness value is on the weld center. Hence, given a sound interfacial bond, fracture should occur in the weld
center when tensile testing the joint. Also, none of the indents hit any cavity or defect observable in the microscope
when testing.

4.3 Conductivity

It is interesting to add results for a preliminary conductivity test. A test was conducted on the HYB weld measuring
the resistance over the weld. Resistance was measured from 5 mm on the Al side to 5 mm on the Cu side making a
total bulk length of 10 mm. Resistance measured was R = 3.401 pf2 through the bulk. At a plate thickness of 3 mm
and width of 25 mm, cross section area was calculated to be 75 mm?. Using equation 3 resistivity (py p) is calculated.

0-01m ) 19551

=3.401-107%Q - =
PHY B 75mm?2

Inverse of the resistivity gave a conductivity of 39.204 m/Qmm?. These results give an indication of the electrical
performance the joint inhibits, which are very promising when compared to IMC resistivity theory.
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5 Conclusion

Creating a metallurgical bond between Al and Cu has proven difficult due to the brittle properties of the IMC phases.
Bond strength are rapidly deteriorating after an IMC thickness of 2 ym. The reported welding techniques have shown
promise with regard to Al - Cu bonding, including HYB. All techniques have been able to create a bond, but the
quality varies. Cold roll welding is used in practice with good results in the literature. The method can control the
amount of interdiffusion and scores better than both FSW and diffusion weldning with regard to IMC thickness. HYB
in turn measured an IMC thickness on the nanoscale with unfavourable weld conditions having Cu on the retreating
side. Preliminary conductivity tests also indicates a small IMC layer in the tested joint. Nevertheless, TEM analysis is
required to determine how thick and consistent the IMC bond is.

For HYB, the digital microscope was not able to show a dispersing of Cu into the Al side, hence an analysis on
the pum scale using SEM is needed to observe any dispersing of Cu fragments. Strain hardening for Cu and strain
softening for Al was observed on the Al - Cu HYB weld. A relatively even spread of hardness values is seen on the
BMs, but the EZ has a higher variance most likely due to the flow of FM and Al BM. HAZ is determined to be 18 mm
whereas 6 mm of those resulted in a strain hardening. No spike in the weld center concludes HYB does not suffer the
same problem as the FSW brittle and hard stir zone. HYB has created a bond and demonstrates great potential for the
future of this technique in Al - Cu welding. It is versatile with regard to joint geometry being able to produce butt,
corner and tee joints with modifications to the system. Nevertheless, cavity defects were detected and further analysis
and understanding is needed to characterize the joint better.

5.1 Further work

1. Practical issues like the grinding and polishing, made an even grinding job and the observation of defects more
difficult. Cu dispersing when grinding and small holes created during extended amounts of polishing were both issues
that ideally should have been resolved. Improving this part will ease the observational tests.

2. Conductivity tests are of great interest. Mentioned previously, other weld methods conductivity are known as
well as the theoretical best possible conductivity for an Al - Cu joint. HYB will be able to measure itself against other
weld methods. This report’s conductivity test is not conclusive and further testing is required.

3.Tensile testing are of great relevance. Bus bars might be under stressful conditions making a sound mechanical
bond necessary. Tensile testing bimetallic welds are possible and preferable with the assist of camera vision. Mechani-
cal properties are also strongly tied to the conductivity performance which will add more confidence to the conductivity
tests.

4. A bus bar might be located on a ship with high amounts of vibrations and harsh corrosion environments. The method
will benefit from characterizing what weaknesses it has with regard to these factors. Fracture mechanic evaluation and
corrosion testing is therefore preferable when deducing the practicality of the technique.

5. TEM and SEM analysis will allow a greater understanding of the Al - Cu bonding. It will be able to identify
the IMC characteristics with regard to thickness, phases and placement. Other properties of the weld such as dispersing
of Cu, kissing defects or mechanical interlocking will be identifiable as well.

6. Iterating the weld parameters to create a more sound weld. Al - Cu bonding with the HYB method is rela-
tively new. This report being the first one to showcase the material flow and hardness measurements of an Al - Cu weld
where the Cu is on the advancing side. That being said, the digital microscope is showing weld defects that indicates
that some iteration to the weld parameters might be warranted.
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